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(54) Memory device 

(57) A memory device includes a memory node (1) 
to which charge is written through a tunnel barrier con- 
figuration (2) from a control electrode (9). The stored 
charge effects the conductivity of a source/drain path 
(4) and data is read by monitoring the conductivity of the 
path. The charge barrier configuration comprises a mul- 
tiple tunnel barrier configuration, which may comprise 


alternating layers (16) of polysilicon of 3nrn thickness 
and layers (15) of Si 3 N 4 of 1nm thickness, overlying 
polycrystalline layer of silicon (1 ) which forms the mem- 
ory node. Alternative barrier configurations (2) are de- 
scribed, including a Schottky barrier configuration, and 
conductive nanometre scale conductive islands (30, 36, 
44), which act as the memory node, distributed in an 
electrically insulating matrix. 
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Description 

Field of the invention 

This invention relates to a memory device capable 5 
of very large scale integration to provide a memory cell 
array. 

Background 

10 

In conventional semiconductor memories, one bit 
of information is represented by electrons stored in a 
static capacitor in each memory cell. The binary number 
"T is represented by a deficit of N electrons and "0" is 
represented by a neutral charge state. In a typical 16 is 
Mbit dynamic random access memory (DRAM), the 
number of electrons N is around 800,000. In order to 
increase the memory capacity, the individual memory 
cells need to be made smaller, but this cannot be 
achieved simply by scaling down the convenlional mem- 20 
ory cell because there is a lower limit to the value of N. 
The number of electrons N is limited by the need to ac- 
commodate leakage current from the cell, internal noise 
and the effect of incident alpha particles, and these fac- 
tors do not reduce common su rat oly with a reduction in 25 
the area of the memory cell. It can be estimated that N 
must be in excess of 130,000 in a 16 Gbit DRAM i.e a 
factor of approximately 6 times less than for a 16 Mbit 
DRAM. However, the cell size required for a 16 Gbit 
DRAM needs to reduce by the factor of three orders of 30 
magnitude as compared with a 16 Mbit DRAM and con- 
sequently, the reduced cell size cannot accommodate 
the number of electrons required for satisfactory opera- 
tion. In an attempt to maintain the value of N sufficiently 
large, three dimensional capacitors with trench or 35 
stacked structures, together with high dielectric capac- 
itor films have been investigated but the resulting pro- 
posed structures and fabrication processes become ex- 
tremely complicated. Furthermore, the power consump- 
tion increases significantly because the relatively large 40 
number N of electrons in the cells need to be refreshed 
within a storage time which tends to become shorter as 
the scale of the device is miniaturised. 

Another type of memory device is known as a flash 
memory, which exhibits non-volatile characteristics. In *s 
such a device, approximately 1 0 s electrons are injected 
into a floating gate through a tunnelling barrier, typically 
formed of Si0 2 wilh a Ihickness of the order of 10nm. 
The stored charge produces a field which influences 
current flow in a source-drain path. Charge is either writ- so 
ten to or erased from the floating gate by application of 
an electric field through a control gate. A relatively high 
electric field is applied during the erase and write cycles 
and as a result the Si0 2 film is degraded, limiting the life 
of the memory to a predetermined number of erase/write ss 
cycles, typically of the order of 10 s cycles. Furthermore, 
the erase/write times are typically several milliseconds, 
four orders of magnitude slower than that of a conven- 


tional DRAM. Such poor performance limits the applica- 
tion of flash memory devices. 

Hitherto, alternative approaches have been pro- 
posed to provide memory devices which operate with 
small, precise numbers of electrons, known as single 
electron memory devices. A single electron memory de- 
vice is described in our PCT/GB93/02581 (WO-A- 
94/1 5340). A precise number of electrons enter or leave 
a memory node through a multiple tunnel junction under 
the control of applied gate voltages and the electron 
state at the memory node is detected by means of an 
electrometer. However, a disadvantage of the device is 
that a significant amount of circuitry is required for each 
memory node and the device currently operates only at 
low temperature, below the liquid helium temperature of 
4.2K. Another single electron memory device has been 
proposed and demonstrated by K. Yano, T Ishii, T. 
Hashimoto, T. Kobayasi, F. Murai and K. Seki in IEEE 
Transactions on Electron Devices, September 1994, 
Vol. 41, No. 9, pp. 1628-1638, and by K. Yano, T. Ishii, 
T. Sano, T. Mine, F. Murai and K. Seki in 1996 IEEE In- 
ternational Solid-State Circuits Conference, 1996, FP 
16.4, p. 266. The device utilises a polycrystalline film 
extending between a source and drain, to which a gate 
voltage is applied. A small number of electrons is stored 
in the granular structure of the polycrystalline silicon 
film. The memory size is relatively small as compared 
with the structure in PCT/GB93/02581 supra and is op- 
erable at room temperature. Furthermore, the memory 
shows several advantages as compared with conven- 
tional flash memory, with a faster erase/write time due 
to the small number of stored electrons, and the opera- 
tional lifetime is improved because low-voltage tunnel 
injection is utilised rather than high-field electron injec- 
tion. However, the time to read stored information is rel- 
atively long, of the order of several microseconds, be- 
cause the resistance between the source and drain 
needs to be sufficiently high to ensure long storage time 
of electrons in the grains. 

Another structure is described by S. Tiwari, F. Rana, 
H. Hanafi, A. Hartstein, E. F. Crabbe and K. Chan in Ap- 
plied Physics Letters, 4 March 1996, Vol 68, No. 10, pp. 
1377-1379, by S. Tiwari, F. Rana, K. Chan, L. Shi and 
H. Hanati in Applied Physics Letters, 26 August 1996, 
Vol 69, No. 9, pp. 1232-1234, and H. I. Hanafi, S. Tiwari 
and I. Khan in IEEE Transactions on Electron Devices, 
9 September 1996, Vol 43, No. 9, pp 1553-1558. This 
memory device utilises silicon-crystals thai underlie the 
gate of a transistor device. Electrons are injected into 
the silicon nano-crystals, which are 5nm in dimension, 
from the silicon substrate through a thin tunnelling oxide 
layer of the order of 1 . 1 -1 .8 nm thickness. Stored elec- 
trons shift the threshold voltage of tho transistor. The 
time to read stored information is relatively short, of the 
order of several tens of nanoseconds, because the tran- 
sistor channel has a high electron mobility. The endur- 
ance cycle for writing and erasing information is signifi- 
cantly improved relative to a conventional flash memory 
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device. However, the erase time is unsatisfactorily long, 
of the order of several milliseconds because the con- 
duction band alignment is unfavourable for electrons to 
tunnel from the nano-crystals into the bulk silicon. 

Another memory device which operates according 
to the principles of flash memory is disclosed in Electri- 
cally-Alterable Memory Using a Dual Electron Injector 
Structure, D. J. DiMaria, K. M. DeMeyerand D. W. Dong, 
IEEE Electron Device Letters, Vol. EDL-1, No. 9, Sep- 
tember 1980, pp. 179-181 . In this device, the conductiv- 
ity of the source/drain path is controlled by charge writ- 
ten or erased from a floating gate through a tunnelling 
barrier from a gate electrode. However, disadvantages 
of this device are that it has a slow writing/erasing time, 
of the order of milliseconds, and that the life of the tunnel 
barrier is limited because Fowler-Nordheim high field in- 
jection is used as in a conventional flash memory. A sim- 
ilar device is described in US Patent No 3 B7B 549 to S. 
Yamazaki 

Summary of the invention 

With a view to overcoming these problems and dis- 
advantages the invention provides a memory device 
comprising a path for charge carriers, a node for storing 
charge to produce a field which alters the conductivity 
of the path, and a tunnel barrier configuration through 
which charge carriers tunnel in response to a given volt- 
age so as to become stored on the node, the tunnel bar- 
rier configuration exhibiting an energy band profile that 
comprises a dimensionally relatively wide barrier com- 
ponent with a relatively low barrier height, and at least 
one dimensionally relatively narrow barrier component 
with a relatively high barrier height. 

The invention permits the writing, reading and eras- 
ing times for the memory device all to be optimised. 

The relatively wide barrier component of the energy 
band profile acts as a barrier for long term storage of 
charge on the node. The wide barrier component can 
be raised and lowered selectively so that charge can 
then tunnel through the relatively narrow barrier compo- 
nent so as to be written onto or erased from the node. 

The component of the energy band profile that has 
a relatively high barrier height may be provided by an 
element with a width of 3nm or less. A plurality of the 
relatively high barrier components may be included and 
may conveniently provide a multiple tunnel junction con- 
figuration. 

The barrier configuration may be fabricated in a 
number of different ways. H may include alternate layers 
of relatively electrically conductive and insulating mate- 
rial, in which the layers collectively provide the relatively 
wide, low barrier height component of the energy band 
profile, and the individual insulating layers provide the 
relatively high barrier components. The alternate layers 
may comprise polysilicon and silicon nitride respectively 
although other materials may be used. 

Alternatively, the barrier configuration may com- 


prise a Schottky barrier configuration with alternate lay- 
ers of electrically conductive material and semiconduc- 
tor material. 

The charge storage node may comprise a layer of 

s electrically conductive material between the barrier con- 
figuration and the path. The node may comprise a plu- 
rality of conductive islands. In an alternative arrange- 
ment, the islands are distributed in the barrier configu- 
ration and may give rise to the relatively low barrier com- 

10 ponents of the energy band profile by virtue of their 
charging energy. The islands may have a diameter of 
5nm or less. They may be arranged in layers separated 
by insulating material. 

The islands may be formed in a number of different 

*5 ways. They may comprise nano-crystals of semicon- 
ductor material. Alternatively they may be formed of 
metal, for example by sputtering, so as to distribute them 
in an insulating metallic oxide. Alternatively, the islands 
may comprise particles deposited from a liquid suspen- 

20 sion of melal or semiconductor particles. 

The tunnel barrier configuration may be disposed 
between the path and a control electrode so that by 
changing the voltage on the control electrode, the 
amount of charge that tunnels to the charge storage 

25 node can be controlled. In another configuration accord- 
ing to the invention, a gate electrode is provided to apply 
an additional field to the charge barrier configuration in 
order to control charge tunnelling to the node. 

The amount of charge that can be stored at the node 

30 may be limited by the Coulomb blockade effect, to a dis- 
crete number of electrons. 

In use, the tunnel barrier configuration exhibits a 
blocking voltage range in which charge carrier tunnelling 
to the node is blocked, and control means may be pro- 

35 vided to increase and decrease the blocking voltage 
range to control the amount of charge stored in the node. 
The amount of charge that can be stored at the node 
may be limited to a plurality of discrete electron states. 
The control means may be operative to raise and lower 

^0 the blocking voltage range so as to permit only a select- 
ed one of the states to exist at the node. 

Alternatively, the control means may be operative 
to vary the width of the voltage blocking range. 

The memory device according to the invention is 

45 suited to be manufactured as a plurality of memory cells 
in an array of rows and columns in a common substrate. 

Data may be selectively read from each cell individ- 
ually, and new data may be written lo the cell or the 
stored data may be refreshed. The memory cell array 

50 may include sensing lines for detecting current flowing 
in the paths of respective columns of the memory cells, 
word lines, data lines for controlling the barrier configu- 
rations of the memory colls of a respective column there- 
of, a precharge circuit for precharging the sensing lines, 

55 the sensing lines taking up a charge level dependent 
upon the stored charge at the charge storage node of a 
particular one of the cells in a column thereof read in 
response to a read voltage applied to a corresponding 
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word line, a read/write circuit for transferring the voltage 
level of the sensing line to the corresponding word line 
for the column, a data output responsive to the voltage 
level on the data line for providing output data corre- 
sponding to the stored data in the read cell, and data 
refreshing means for applying a write voltage to the word 
line of the read cell such that data corresponding to the 
voltage level on the data line is written back into the pre- 
viously read cell. The array may also include means for 
changing the level of voltage on the data line after op- 
eration of the read/write circuit in response to input data 
to be written into the cell, such that the input data is writ- 
ten to the cell. 

Peripheral circuits for the array may formed on a 
common substrate with the memory cells, and the 
source and drains of transistors in the peripheral circuits 
may be formed by the same process steps that are used 
to form source and drain regions in the cells of the array. 

The invention also includes a method of fabricating 
a memory device which includes a path for charge car- 
riers, a node for storing charge that alters the conduc- 
tivity of the path, and a tunnel barrier configuration 
through which charge carriers tunnel in response to a 
given voltage so as to become stored on the node, the 
method including forming the tunnel barrier configura- 
tion such that it exhibits an energy band profile that com- 
prises a dimensionally relatively wide barrier component 
with a relatively low barrier height, and at least one di- 
mensionally relatively narrow barrier component with a 
relatively high barrier height. 

Brief description of the drawings 

In order that the invention may be more fully under- 
stood, embodiments thereof will now be described by 
way of example with reference to the accompanying 
drawings, in which: 

Figure 1 is a schematic diagram of a first type of 
memory device in accordance with the invention; 
Figure 2 is a graph of the current: voltage character- 
istics of the barrier structure 2 shown in Figure 1; 
Figure 3 is a schematic circuit diagram of an array 
of the memory devices shown in Figure 1 ; 
Figure 4 is a schematic plan view of the structural 
configuration of the memory array circuit shown in 
Figure 3; 

Figure 5 is a cross sectional view taken along the 
line A-A' of Figure 4, through memory cell M n ; 
Figure 6 is a section through the cell of Figure 
4, taken along line B-B'; 

Figure 7 illustrates a method of reading and writing 
data to an individual cell of tho memory array; 
Figure 8 is a graph of the voltage V of the memory 
node 1 of the memory device plotted against the 
voltage V SY , at the source and drain of the device 
during the writing of a binary "0° (Figures 8a-d) and 
the writing of a binary "1" (Figures 8e-h); 


Figure 9 is a graph of the drain-source current l SY 
plotted against control gate voltage V x for a binary 
"1 ■ and a "0" stored on the memory node 1 ; 
Figure 10 is a more detailed sectional view of the 

5 barrier structure 2 of the memory device; 

Figure 11a illustrates the conduction energy band 
diagram lor the barrier configuration 2 when charge 
carriers are stored on the memory node 1 ; 
Figure 11b illustrates a corresponding energy band 

10 diagram when charge carriers are written onto the 
node 1 by tunnelling from the control electrode ter- 
minal X; 

Figures 1 2a-f are cross sectional views correspond- 
ing to the line A-A' in Figure 4, illustrating the various 
is fabrication steps for manufacturing the memory de- 
vice; 

Figure 1 3 is a schematic cross section of a Schottky 
barrier configuration that can alternatively be used 
in the memory device; 

20 Figure 14 is a schematic cross section of an alter- 
native barrier structure that includes nanometre 
scale conductive islands, for a third embodiment of 
memory device in accordance with the invention; 
Figure 15 illustrates a series of fabrication steps for 

25 producing a memory device in accordance with the 
invention in which nanometre scale silicon crystals 
are distributed throughout a Si0 2 ; 
Figures 16a-f illustrate process steps for forming an 
alternative embodiment in which the barrier config- 

30 uration includes nanometre scale gold particles de- 
posited from a colloidal solution; 
Figure 17 is a schematic diagram of a second type 
of memory device in accordance with the invention; 
Figures 18a and 18b are graphs of the current I 

35 through the barrier structure 2 of Figure 17 as a 
function of the voltage Vy applied to terminal Y in 
the presence ("on" state) of a voltage applied to ter- 
minal X and the absence of such a voltage ("off" 
state); 

40 Figure 19 is an enlarged schematic cross section 
through the barrier structure shown in Figure 17; 
Figure 20 is a conduction band energy diagram for 
the barrier structure shown in Figure 19; 
Figure 21 is a schematic plan view of a memory cell 

45 array, incorporating memory devices of the second 
type shown in Figure 17: 

Figure 22 is a cross sectional view taken along the 
line A-A' of Figure 21; 

Figure 23 is a cross sectional view taken along the 
50 line B-B* of Figure 21 ; 

Figure 24 is a schematic circuit diagram of the mem- 
ory cell configuration shown in Figures 21, 22 and 
23, together with on-chip drivers and other periph- 
eral devices; 

55 Figure 25 is a waveform diagram illustrating a proc- 
ess for reading information from the memory cell 

M 1t ; 

Figure 26 is a waveform diagram illustrating a proc- 
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ess for writing data to the memory cell M n ; 
Figures 27a-e illustrate process steps tor manufac- 
turing the memory device shown in Figures 21 to 23; 
Figure 28 is a schematic cross section of a modifi- 
cation to the memory device; 
Figure 29 is a schematic cross section of a further 
modification to the device; 

Figure 30 is a schematic cross section through an 
alternative barrier structure for use in the second 
type of memory device according to the invention; 
Figure 31 is a conduction energy band diagram cor- 
responding to the barrier structure shown in Figure 
30; and 

Figure 32 is a schematic cross section through a 
third type of memory device in accordance with the 
invention. 

Detailed description 

In the following description, Ihe embodiments of 
memory device according to the invention can be cate- 
gorised into three dilferent types: 

Type 1 

The general configuration of the first type of mem- 
ory device according to the invention is shown in Figure 
1 . A memory node 1 and a barrier structure 2 are inte- 
grated within a control electrode of a field effect transis- 
tor having source and drain connections S, Y and a con- 
trol electrode connection X. When information is stored, 
charge carriers tunnel through the barrier structure 2, to 
the memory node 1 and the device acts as a storage 
capacitor, so that the charge is held on the node 1. In 
order to read information, the conductivity of the source/ 
drain path S, Y is monitored and is changed between 
relatively high and low conductivity conditions depend- 
ing on the level of charge stored on the memory node 1 . 

The current-voltage characteristic of the barrier 
structure 2 is shown in Figure 2 where V is the memory 
node voltage. Electron flow I through the barrier struc- 
ture from the connection X is strongly suppressed in a 
blocking region V B which extends between upper and 
lower threshold voltages + V c . However, outside of this 
voltage blocking range, charge carriers can tunnel to or 
from the memory node 1 through the barrier structure, 
depending on the polarity of a bias voltage V x applied 
to the conneclion X. The barrier structure can be con- 
sidered as a multiple tunnel junction in which two or 
more tunnel junctions are connected in series. 

The memory device shown in Figure 1 can be used 
as a memory cell in an array of such devices, arranged 
in rows and columns as shown in Figure 3, with associ- 
ated word lines , X 2 etc and bit lines S v Y.,; S 2> Y 2 
etc. The array thus includes memory cells M mn , where 
m and n represent the row and column numbers respec- 
tively. 


First embodiment 

The structure of a first embodiment of memory cell 
M mn will now be described with reference to Figures 4, 
5 5, and 6 in which Figure 4 is a plan view o1 the cell array, 
and Figures 5 and 6 are transverse sections taken along 
the lines A-A' and B-B' of Figure 4 respectively of cell 

Referring to Figure 5, the device is formed in a sub- 

10 strate 3 which in this example comprises a p-type sem- 
iconductor substrate in which a conductive path 4 ex- 
tends between n + source and drain regions 5, 6. A Si0 2 
insulator region 7 isolates the cell from the next cell in 
the array. The substrate is overlaid by an insulating Si0 2 

15 layer 8. The memory node 1 and overlying tunnel barrier 
configuration 2 are formed in a region surrounded by the 
layer 8. A conductive control electrode 9 overlies the 
tunnel barrier configuration 2. The control electrode 9 
forms word line X-, which extends along a row of the ar- 

20 ray. The source and drain regions 5, 6 form bit lines 
Yt which extend along a column of the array shown in 
Figure 4. It will be understood that other cells in the array 
have corresponding word and bit lines. 

The memory node 1 consists of nanometre scale 

2S dots or grains which limit the number of electrons that 
can be stored by charging through the barrier configu- 
ration 2 so as to provide for a uniform field laterally 
across the node. 

A process of selectively writing and reading data for 

30 the memory cell M 11 will now be described with refer- 
ence to Figures 7 and 8. In this process, the word line 
X 1 and the bit lines S-,, Y 1 associated with the memory 
cell M n are activated and the other word and bit lines 
are grounded. When information is written into M 11 , a 

35 voltage pulse waveform with positive peak V x (w) and 
negative peak -V x (w) is applied to the word line X v 
When "0" is written, a positive voltage pulse with a height 
V Y (w) is applied to the bit lines and S v On the other 
hand, when a "1 " is written, a voltage pulse with a peak 

40 voltage -V Y (w) is applied to the bit lines and S 1 . A 
requirement of these pulses is that they must overlap 
for a time T In this example, V x (w) = 1 ,2V, V Y (w) = 1 .8V, 
and T = 1 0 nsec. 

Referring to Figure 8, the number of electrons that 

45 can exist at the memory node 1 is limited by the extent 
of the voltage blocking region of the tunnel barrier con- 
figuration 2. Thus, the voltage at the node cannot ex- 
ceed ± V c . In Figure 8(a), a binary dala bit "1 " is repre- 
sented by a positively charged state 11 (a shortage of 

so electrons) on the memory node 1 , whereas a "0" is rep- 
resented by a negatively charged state 12 (an excess 
of electrons) on the node 1 . In this example, the memory 
node voltages in the T and "0" states arc » 0.4V and 
-0.4V respectively. The process to write a "0 B onto the 

55 node 1 will now be described with reference to Figures 
8(a) (d) where V SY ~ V S -V Y and black dots represent the 
final electron state which occurs in each step. When, as 
shown in Figure 8(a), a positive voltage V Y (w) (1 8V) is 


5 


BNSDCCID: <EP_ ... 0B43361A1 I > 


9 


EP 0 843 361 A1 


10 


applied on the bit lines St and Y v the two states 11 and 
12 move to point 13 (1.6V) and point 14 (0.8V) respec- 
tively, along a line of constant electron number on the 
memory node, such that 

V = (C g /C S )V SY + V 0 (1) 

where C is the total capacitance on the memory node, 
C g is the capacitance between the memory node and 
the terminals Y 1 and S-,, and V 0 is the memory node 
voltage when V SY = 0 (-C s V 0/q is the number of excess 
electrons on the memory node, where q is the elemen- 
tary charge). In the present embodiment, C s /Cg = 1.5. 

When a negative voltage -V x (w) (-1.2V) is applied 
on the word line X n as shown in Figure 12b, the blocked 
region V B shifts as shown, and the state 13 moves to 
state 14 because the state 1 3 is outside the blocked re- 
gion and cannot exist there. 

When positive voltage V x (w) (1 .2V) is applied on 
the word line X 1 as shown in Figure 12c, this state is 
retained. The word line and bit lines are then grounded 
as shown in Figure 1 2d and the stale 1 4 moves to the 
"0" state 1 2 along a line of constant electron number on 
the memory node 1 . 

It is to be noted that any electron state between the 
"0" and "1 " states 11, 12 is refreshed by the process to 
become a M 0" state. The corresponding process for writ- 
ing a "1" state 11 is shown in Figures 8e-h. In this se- 
quence, any state between the "0" and "V state is 
changed to a refreshed "1 ■ state. 

It will be seen that the writing process requires si- 
mu Itaneous write waveforms to be applied to the bit lines 
and word line associated with a particular memory cell. 
Thus, the memory cells can be addressed individually. 
During the writing process, the blocked region is shifted 
sequentially up and down so as to force the electron 
states at the node to adopt either a "1 " or a °0 M value 
selectively. However, if a write signal is applied to the 
word line X n but not to the bit lines St and Y 1 , or write 
signals are applied to the bit lines but not the word line, 
no writing will take place and the existing states on the 
node 1 will be retained. 

To read the stored information, a positive gate volt- 
age V x (r) is applied on the word line X n and the current 
l SY between St and is detected. As shown in Figure 
9, the threshold voltage of the transistor is given by V T 
when the memory node 1 is negatively charged ("0"), 
and by V T -AV T when the memory node is positively 
charged ("1 "). These threshold voltages V T and Vy-AV T , 
are positive, so thai no electric current flows between S 
and Y in unselected memory cells (V x = 0). The gate 
voltage V x (r) at selected word line is chosen between 
V-pV T and AV T . Thus l SY > 0 for "1 ■ and l SY = 0 for "0°. 
Thus, a current detector (not shown) can be used to de- 
tect the current flowing between the bit linos Y-, (and 
other corresponding pairs of bit lines in the array) when 


the gate voltage V x (r) is applied to the word line X v In 
order to read data from the entire memory array, the 
process is repeated for the other word lines X of the ar- 
ray sequentially. In the present embodiment, V x (r) = 
5 0.8V, V T -AV T = 0.4V and V T = 1 .2V In accordance with 
the invention, the tunnel barrier configuration 2 gives 
rise to improved storage times and read/write perform- 
ance. The storage time of the node 1 is determined by 
the ability of the tunnel barrier configuration 2 to sup- 
10 press electron flow in the blocked region V B of the cur- 
rent-voltage characteristic shown in Figure 2. The stor- 
age time t s is approximately given by 

t s =t w exp(-qV c /kT) (2) 

where k is the Boltzmann constant, T is the absolute 
temperature, q is the elementary charge, and ^ is the 
write time. If it is desired, for example, to provide a stor- 
age time t s of ten years and ten nanoseconds, V c must 
be larger than 1 V for operation at room temperatures. If 
the single electron charging effect were to be used, this 
would require the barrier structure 2 to be formed of me- 
tallic particles of a size of less than 1nm which cannot 
be readily achieved with present day fabrication tech- 
nologies. 

A method by which an enhanced blocking voltage 
V c can bo achieved, is to use a band bending effect for 
the charge barrier configuration 2, which has been dis- 
cussed in respect of a multiple tunnel junction perse by 
K. Nakazato and H. Ahmed in Applied Physics Letters, 
5 June 1995, Vol. 66, No. 23, pp. 3170-3172. The char- 
acteristics required for the tunnel junction for the storing 
and write cycles can be considered separately. For the 
storing cycle, the height and width of the tunnel junction 
can be denoted by <(> 6 and d s respectively, and <t> w and 
for the write cycle. To retain the stored information 
for longer than 1 0 years, the barrier height (|> s should be 
higher than 1 .8eV to suppress thermally activated Pool- 
Frenkel emssion current and the tunnel barrier thick- 
ness d s should be thicker than 8nm x {<(> s (eV)}- 1/2 in 
order to control tunnel leakage current. However to ob- 
tain a short write time of for example 10 nanoseconds, 
the width d w of the tunnel barrier should be less than 
2nm x {<)> w (eV)}- 1/2 where <\> w is the barrier height for 
write cycle. 

A barrier configuration 2 which can satisfy these cri- 
teria is shown in Figure 10 and comprises a multiple tun- 
nel barrier consisting of layers 15, 16 of insulating and 
non-insulating material respectively. In this example, the 
insulating layers 15 comprise 1-3nm thickness Si 3 N 4 
and the non-insulating layers 16 comprise polysilicon of 
3-1 Onm thickness. 

The resulting conduction energy band diagram for 
the barrier configuration 2 shown in Figure 10, is illus- 
trated in Figure 11 and comprises a first relatively wide 
barrier component 17, with a width B wl corresponding 
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to the combined width of all of the layers 15, 16 that 
make up the barrier configuration 2. Additionally, the in- 
sulating layers 15 each give rise to a respective relative- 
ly narrow barrier component 18a, b etc each having a 
width B w2 spaced apart from one another by virtue of 
the depletion regions that in use are formed in the poly- 
silicon layers 16. The relatively wide barrier component 

17 has a relatively low barrier height B h1 whereas the 
barrier components 1 8a, b etc provide much higher bar- 
riers B h2a , B h2b . 

The two components 17,18 of the barrier perform 
different roles. The narrow and high barrier components 

18 act as tunnel barriers which suppress co-tunnelling 
effects, namely spontaneous tunnelling through two or 
more tunnel barriers by a quantum mechanical effect, 
so that electrons move through only one barrier 18 at a 
time and stay for a period of time in the region between 
them. During the stay, the electrons are scattered ine- 
lastically towards a local equilibrium state governed by 
the energy ol the wide barrier component 1 7. Th us, elec- 
tron transport is strongly affected by the wide barrier 
component 17. The width and height of the high, narrow 
barrier components 18 cannot be changed by external 
biases because they are determined by the materials 
which make up the barrier configuration 2. However, the 
wide, low barrier 17 component can be modulated by 
the external biases. 

Figure 11a illustrates the band diagram in the ab- 
sence of an applied voltage V x . It will be seen that when 
no voltage is applied to the control electrode 9, electron 
20 on the charge storage node 1 needs to tunnel through 
the entire width of the relatively wide barrier component 
1 7 if leakage from the node 1 is to occur, with the result 
that charge leakage is strongly inhibited. However, 
when a voltage is applied to the electrode 9 the conduc- 
tion energy band diagram for the barrier 2 changes to 
the configuration shown in Figure 11b from which it can 
be seen that the applied voltage causes the relatively 
wide barrier component 17 to form a downwardly in- 
clined slope towards the charge storage node 1 with the 
result that an electron 20 needs only to tunnel through 
the relatively narrow barrier components 18 in order to 
reach the storage node. Thus, the barrier configuration 
provides a relatively wide barrier component 1 7 lor long 
term storage of the electrons on the node 1 , without the 
requirement for extremely high voltages applied to the 
electrode 9 in order to cause electrons to tunnel to the 
node 1 during the write process. 

In the layers 16, the grains of polysilicon have a di- 
ameter which is nearly as large as the thickness dimen- 
sion. The grain size in the memory node 1 can be larger 
than that of the layers 16 with the result that the elec- 
trons can bo stored stably on tho memory node 1 to pro- 
vide reliable operation. In the arrangement of Figure 10, 
the memory node 1 has a thickness of 5-30nm and is 
formed of polysilicon. In a modification, the node 1 may 
be doped in order to improve stability of the electron 
states at the node. From the foregoing, it will be seen 


that when information is stored, the polysilicon layers 17 
form depletion regions and thus increase d s whereas in 
the write process, the layers 16 do not act as barriers 
and instead, the arrangement provides a potential gra- 

s dient which accelerates electrons towards the node 1 
from the electrode 9, which promotes rapid writing of 
electrons onto the node. 

An example of fabrication of the device will now be 
described in more detail with reference to Figure 12. A 

10 p-type silicon wafer with a resistivity of 1012cm is used 
for the substrate 3. Initially, the isolation region 7 is 
formed, of insulating Si0 2 with a thickness of 500nm. 
After forming the isolation region 7, a gate oxide film 21 
of thickness 10nm is grown by thermal oxidisation on 

is the top of the p-type silicon substrate 3. The layer which 
is to form the memory node 1 is then deposited. The 
layer 1 comprises n-type Si deposited to a thickness of 
lOnm having its surface converted to silicon nitride in 
an atmosphere of NH 3 at a temperature of 900° C. The 

20 thickness of the resulting silicon nilride is selMimiled to 
2nm. This corresponds to the nitride layer 1 5a shown in 
Figure 10. Then, a layer of non-doped silicon is depos- 
ited to a thickness of 5nm so as to form an overlying 
layer 1 6a (Figure 1 0), which is then subject to nitridation 

2S to form the next 2nm thick silicon nitride layer 15b. Tho 
process is repeated a number of times in order to build 
up the barrier structure 2. 

Then an n-type doped silicon film 22 of thickness 
20nm is deposited over the barrier structure layers 2. A 

30 Si0 2 film 23 is deposited on the film 22 to a thickness 
of 20nm, by a chemical vapour deposition (CVD) meth- 
od. 

The various layers of silicon film are deposited in 
an amorphous state but are converted to polycrystalline 

3S silicon during the nitridation and the densifying process 
of the CVD deposited Si0 2 layer 23. The top Si0 2 film 
23 is then patterned by conventional lithography tech- 
niques and reactive ion etching in an atmosphere of 
CHF 3 and argon gas. 

40 Then using the patterned Si0 2 layer 23 as a mask, 
the polysilicon and silicon nitride layers 22, 2 and 1 are 
etched by reactive ion etching using CF 4 in order to pro- 
duce a gate configuration 24 as shown in Figure 12b. 
The gate configuration 24 typically has a length 1 of 0. 1 5 

45 urn. 

The wafer is then oxidised to form an outer layer 25 
of 30nm thermal Si0 2 as shown in Figure 1 2c. Then, the 
source and drain regions 5, 6 are formed by ion implan- 
tation with arsenic ions. 

50 Then, as shown in Figure 12d, a 100nm Si0 2 film 
26 is deposited, which is covered by a layer of optical 
photoresist 27 that is applied in sufficient thickness to 
obtain a flat upper surface, of thickness 1500nm in this 
example. The photoresist 27 is then etched back until 

55 the top of the SiO a layer 26 protrudes through the sur- 
face. The etching is carried out by a sputtering method 
in an 0 2 atmosphere. The resulting configuration is 
shown in Figure 12e. 
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The top 26a of the Si0 2 film 26 is removed by reac- 
tive ion etching in an atmosphere of WF 6 gas until the 
top of the polysilicon film 22 is exposed, as shown in 
Figure 12f. 

After removal of the optical photoresist 27, metal is 
deposited on the resulting surface and patterned by con- 
ventional lithography techniques in order to provide the 
control electrode 9 which forms the word line X n de- 
scribed previously. 

It will be appreciated that the memory device may 
be modified in a number of ways. For example, the thick- 
ness of the electrically conductive layers 1 5 may be dif- 
ferent from the described value of 5nm and generally, a 
thickness of 10nm or less would be satisfactory. The 
thickness of the insulating layers 16 may be modified 
from the previously described value of 2nm, so as to be 
in the range of 3nm or less, so as to produce satisfactory 
narrow, high barrier components 18, although the de- 
scribed fabrication process results in a tight control of 
the thickness of each layer 16 so thai il becomes ol the 
order of 2nm. Also, the number of sets of the layers 15, 
16 may be varied from the described example of seven, 
as Jong as there are sufficient numbers to produce a sat- 
isfactory wide, narrow barrier component 17 across the 
barrier configuration 2. 

Second Embodiment 

In a modification, the barrier structure 2 shown in 
Figure 10 can be replaced by a Schottky barrier config- 
uration as shown in Figure 13. In this case, instead of 
using insulating silicon nitride layers 15; metallic layers 
28 are used so as to provide a multiple configuration of 
Schottky diodes one overlying the other. The metal lay- 
ers 28 may be formed of W or may comprise silicide films 
such as CoSi 2 , formed between the non-doped poly- 
crystalline film 16. 

Further embodiments of memory device according 
to the invention will now be described in which the tunnel 
barrier configuration 2 consists of nanometre-scale is- 
lands distributed in a matrix of electrically insulating ma- 
terial. In the following examples, the nano-scale islands 
have a diameter of 5hm or less and are separated by 
nanometre scale thicknesses of electrically insulating 
material in the matrix, for example 3nm or less, which 
gives rise to the narrow, high barrier components of the 
tunnel barrier configuration . The charge storage node 
may be formed by the conductive islands, so as to be 
distributed throughout the barrier configuration, rather 
than being a separate layer 1 , as previously described. 
Several different fabrication processes can be used to 
provide the resulting multiple tunnel barrier configura- 
tion, as will now bo described. 

Third Embodiment 

Figure 14 illustrates a schematic cross section 
through another embodiment of memory device in ac- 


cordance with the invention. In this embodiment, the 
memory node 1 and the barrier structure 2 are realised 
by a composite of nano-scale crystals which are distrib- 
uted in a surrounding Si0 2 matrix. Referring to Figure 

5 14, the substrate 3 is provided with source and drain 
regions 5, 6, with a path 4 between them. A gate oxide 
layer 29 overlies the path 4 and has a thickness of 5nm, 
formed by a thermal oxidation process on the substrate. 
Subsequently, a layer of silicon of thickness 6nm is de- 

io posited by electron beam vaporisation or by CVD, which 
is then subjected to rapid thermal oxidisation and crys- 
tallisation. This process is described in E. H. Nicollian 
and R. Tsu, J. Appl. Phys. vol. 74, 1993, pp. 4020-4025, 
and M.Fukuda, K. Nakagawa, S. Miyazaki, and M. Hi- 

is rose, Extended abstracts of 1996 International Confer- 
ence on Solid State Devices and Materials, Yokohama, 
1996, pp. 175-178. This yields islands in the form of Si 
nano-crystals with an average diameter of 3nm config- 
ured in a layer 30 with a tunnelling oxide layer 31 of 2nm 

20 thickness overlying the layer 30. The sell-capacitance 
of the 3nm Si crystals gives a charging energy of about 
100 meV, which is enough to limit by Coulomb blockade 
the electron number inside each nano-crystal, at room 
temperature. The deposition of layer 29 followed by the 

25 rapid thermal oxidisation and crystallisation process are 
repeated a number of times in order to build up a suffi- 
ciently thick composite layer. In this embodiment, the 
process was repeated five times in order to provide a 
composite layer thickness of 20nm, containing five na- 

30 no-crystal layers 30 within its thickness. Thereafter, a 
contact layer of n-type silicon 32 is formed on the top 
surface. It will be appreciated that the resulting gate 
structure can be incorporated into the memory device 
fabrication process previously described with reference 

35 to Figure 12. However, it will be understood that the 
memory node 1 is no longer provided as a separate lay- 
er but instead, the nano-crystals formed in each layer 
30 provide sites for electron storage distributed in the 
insulating oxide layers 29, 31. 

40 

Fourth Embodiment 

Figure 15 illustrates process steps for forming an- 
other embodiment of the memory device. In this embod- 

45 iment, the composite of silicon nano-crystals and sur- 
rounding Si0 2 layers are formed by using porous Si 
films. Referring to Figure 15a, a porous Si film 33 of 
20nm thickness is formed by an anodic oxidisation of p- 
type Si. The anodisation is performed in a 25% aqueous 

50 hydrofluoric acid solution, diluted by ethanol, with a DC 
anodic current of 10mA/cm 2 for five seconds. This re- 
sults in the formation of a composite film containing 4 ~ 
5nm nano-crystallinc Si embedded in a Si0 2 matrix. 
This method is known per se and described in more de- 

ss tail in Y. Kanemitsu, et al Phys. Rev. vol. B48, 1993, p 
2827. 

Then, the porous silicon film 33 is thermally oxidised 
to form a gate oxide film 34 of 5 nm thickness together 
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with a top oxide layer 35 of about 7nm thickness, as 
shown in Figure 15b. This process also results in an- 
nealing, which shrinks the diameter of each ol the nano- 
crystafs in the porous Si film, as well as the thickness of 
the porous layer 33 itself. After the annealing process, s 
the porous Si layer 33 becomes 14 ~ 16nm in thickness, 
and the average particle diameter decreases down to 
about 3nm. The corresponding charging energy for the 
nano-crystalline silicon particles is about 100 meV 
which, as previously explained, results in a limitation on 10 
the number of electrons which can enter the node, due 
to Coulomb blockade. The resulting film is referenced 
36 in Figure 15b and contains approximately 3 to 4 na- 
no-crystalline particles across its thickness thereby pro- 
viding a multiple tunnel junction (MTJ) when considering 1$ 
electron transport vertically through the layer. 

Thereafter, the top oxide layer 35 is removed and a 
gate 32 of polysilicon material is deposited as described 
previously. Using the polysilicon gate 32 as a mask, the 
composite film 36 and the underlying gate oxide 34 are 20 
removed by conventional etching techniques and there- 
after, the source and drain regions 5, 6 are implanted in 
the manner previously described with reference to Fig- 
ure 12. This formation method has the advantage over 
the method described with reference to Figure 1 4 in that 25 
the multiple tunnel junction is formed by a single anodi- 
sation process, reducing the number of Si deposition 
and oxidisation steps that are required. 

Fifth Embodiment 30 

Composite materials of nano-crystals and the sur- 
rounding matrix can be formed in other ways, using dif- 
ferent materials. One example is described by E. Bar- 
Sadeh et al in Physical Review vol. B50, No. 12, 1994, 35 
pp 8961-8964. In this method, a layer of Au particles in 
a Al 2 0 3 matrix can be used to replace the porous silicon 
layer shown in Figure 15. A 30nm thick composite film 
of Au and Al 2 0 3 can be formed by co-sputtering gold 
and aluminium onto silicon oxide layer of thickness 5nm *o 
that has been formed by thermal oxidisation of the sub- 
strate 3. The subsequent device fabrication is the same 
as that of the fourth embodiment. The sputtering condi- 
tion for the composite film formation is chosen so as to 
realise a gold volume fraction of 0.4. In this condition, 45 
isolated Au particles are obtained in the composite film 
which are of diameters of the order of 3 — 5nm. There- 
fore, the 30nm film contains 5 — 10 Au particles across 
its thickness forming a vertical MTJ. It will be appreciat- 
ed that this can be used as a substitute for the porous so 
silicon layer described with reference to Figure 15. 

Composite films of other noble metals such as Ag, 
Pt, with some other metal oxido matrix such as Si0 2 or 
Cr 2 0 3 can be formed by this co-sputtering method. 

A metal island-oxide matrix composite film can also 55 
be formed by thermal decomposition of precursor metal 
oxides. For example, gold oxide, which is a precursor 
metal oxide, can be generated by reactive sputtering of 
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an Au-Si alloy target in an oxygen plasma, as described 
in L. Maya et al in J. Vac. Sci. Technol. Vol. B14, 1996. 
pp. 15-21. 

Sixth Embodiment 

Figure 1 6 shows a method of forming composite na- 
no-crystals and insulating tunnel barriers by a chemical 
deposition method from a colloidal solution. Referring to 
Figure 16a, an oxide layer 21 of thickness 5nm is formed 
by a thermal oxidisation process on a p-type Si substrate 
3. Then, a monolayer 37 of octadecyltrichlorosilane 
(OTS) is produced on the surface of SiC^ layer 21 . As 
described in more detail in M. J. Lercel, et al., J. Vac. 
Sci. Technol vol. B11, 1993, p.2823-2828. In more de- 
tail, the substrate 3 with the Si0 2 layer 21, was im- 
mersed in a 1mM hexadecane solution of OTS for more 
than 1 2 hours. This resulted in a spontaneous formation 
of the OTS monolayer 37. OTS molecules can be re- 
moved from the Si0 2 surface 21 by irradiation with a 
60 kV electron beam. In this way. window patterns in the 
OTS are generated on the monolayer 37 by means of 
conventional electron beam lithography. After formation 
of a window in the OTS, the substrate was immersed in 
a 1% aqueous solution of hydrofluoric acid for 30 sec- 
onds, rinsing out the residues of the electron-beam irra- 
diated OTS, leaving a window 38. The edge region of 
the window is shown in an enlarged view, within hatched 
outline 39. An example of an OTS molecule 40 is shown. 
It consists of an alkane chain having a siloxane bond at 
one end and a methyl group at the other. As shown in 
the enlarged area 39, the molecules 40 form a siloxane 
bond with the Si0 2 layer 21 and form densely packed 
covalently bonded network. The methyl group at the up- 
per end is essentially inert and hence is highly resistive 
to chemical attack during substrate processing. 

Subsequently, the substrate with its patterned OTS 
monolayer 37, is placed in a dilute (0.05%) dry toluene 
solution of (3-Mercatopropyl) t rim ethoxysi lane in a re- 
flux condition (i.e. heated to approximately 110°C) for 
ten minutes. Afterwards, the substrate was placed in an 
oven at 1 05°C for 30 minutes to cure the siloxane bonds. 
The result is shown in Figure 16b. The procedure yields 
an alkane thiol monolayer 41 on the Si0 2 layer 21 in the 
region of the window 38. The structure of the individual 
molecules 42 which make up the alkane thiol monolayer 
consist of a siloxane bond at one end of an alkane chain 
with a mercaplan group at the other. This process is de- 
scribed in more detail in A. Doron, et aL, Langmuir, Vol. 
II, 1 995, pp. 1 31 3-1 317. The OTS molecules remain un- 
affected outside of the window region 38. The alignment 
of the molecules 37, 42 can be seen more clearly from 
the enlarged view of the edge of the window shown with- 
in hatched outline 43. In principle, this surface modifica- 
tion can be carried out with other alkane thiols terminat- 
ed at one end by an alkoxy silane ((CH 3 0) 3 Si-, or 
(C 2 H s O) 3 Si-). 

The substrate is then immersed in a gold colloid so- 
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lution for at least five hours at room temperature with 
the result that a monolayer of colloidal gold particles 44 
becomes attached to the window region 38. This occurs 
only in the window region where the surface is terminat- 
ed with mercaptan groups (-SH) because of the strong 
affinity of sulfur to gold. The average diameter of the 
gold colloid particles is 2nm. 

It is well known that colloidal particles of gold can 
be prepared chemically, which have average diameters 
in the range of 2 — ' 5nm with a well defined size distri- 
bution, typically with a standard deviation of 10%. Such 
nano particles deposit on the mercaptan group termi- 
nated surface forming covalent bonds between the sul- 
fur atom on the substrate and the gold atom on the gold 
colloid particle surface. The particle deposition automat- 
ically stops when the layer approximates to a monolay- 
er, because electrostatic forces due to the surface 
charge of the gold particles, which are provided by the 
ionisation of adsorbates on the gold colloid particles pre- 
vent another colloid particle from silling on top of or very 
close to an already deposited particle on the surface of 
the substrate. For a more detailed discussion, reference 
is directed to our EP 96300779.4 filed on 6 February 
1 996. Colloidal suspensions of such particles can be 
purchased commercially, with predetermined mean par- 
ticle sizes and diameter range distributions, from Nan- 
oprobes Inc, 25E Loop Road Ste 1 24, Stony Brook NY 
1 1790-3350 USA. The particles are supplied in an aque- 
ous suspension. Adsorbed citrate ions give a negative 
charge to the Au particles. 

Then, the substrate is immersed in a 5mM ethanolic 
solution of dithiol (namely 1 , 6-hexanedithiol) after the 
previously described deposition of gold particles from 
the colloid solution. One of the two sulfur atoms in the 
dithiol forms Au-S bonds with the gold colloid surface, 
replacing the surface adsorbates of the gold particles 
with the dithiols, while the other end of the sulfur atom 
in the dithiol is oriented away from the gold surface in 
the form of a free mercaptan group. This arrangement 
is shown in Figure 16d, with the dithiol molecules being 
referenced 45. Consequently, the gold particle surface 
is converted to a mercaptan -group coated surface which 
is capable of receiving a further layer of gold particles. 

Next, the dithiol treated surface is immersed in gold 
colloid solution again to deposit a further layer. This 
process is repeated five times in order to build up five 
layers of 2nm gold particles which are connected by al- 
kane chains of dithiol. Two of the gold layers, 46, 47 are 
shown in the enlarged section 48 in Figure 16d. The re- 
sulting five layer gold structure is referenced 49 in Figure 
1 6d, which has a thickness of the order of 1 0nm. 

Thereafter, as shown in Figure 16e, the gold depo- 
sition process is repeated five more times with a gold 
colloid solution which contains gold particles of a larger 
diameter e.g. 40nm. This procedure forms a 150nm 
thick 40nm gold particle composite layer 50 on top of 
the layer 49. Because the particles that form the layer 
50 are of a much larger diameter, they exhibit a neglibly 


small charging energy of the order 1 meV, and conse- 
quently, electron conduction through the composite lay- 
er 50 exhibits an ohmic character, unlike the smaller par- 
ticles that form the layer 49, which exhibit conduction 

s characteristics dominated by the Coulomb blockade ef- 
fect. Therefore, the large particle gold composite 50 
works as an ordinary metal layer and hence performs 
the function of a gate in the same manner as for example 
the polysilicon gate 22 described in the previous embod- 

10 iments. 

Thereafter, the gold composite layer 50 is used as 
a mask for dry etching the OTS layer 37 and the gate 
oxide layer 21 so as to permit the source and drain re- 
gions 5, 6 to be implanted in the substrate 3 by conven- 
es tional ion beam techniques. 

Type 2 

The general configuration of another type of merri- 

20 ory device in accordance wilh Ihe invention is shown in 
Figure 17. The device is similar to that shown in Figure 
1 and like parts are marked with the same reference 
numbers. The device of Figure 17 additionally includes 
a control gate 51 which allows a field to be selectively 

25 applied to the barrier configuration 2 so as to alter its 
tunnel barrier characteristics. Thus, when a voltage is 
applied to terminal Y, by changing the voltage at terminal 
X, the field on the gate 51 can be varied and as a result, 
the field causes the tunnel barrier characteristics of the 

30 barrier 2 to be changed. The effect of the field applied 
by gate 51 can be seen from the graphs of Figure 1B. 
The voltage on gate 51 can be used to switch the device 
between "on" and "off" states illustrated in Figure 18a 
and 18b respectively. The voltage applied to gate 51 al- 

35 ters the width of the blocking voltage V B . As shown in 
Figure 18a, when a "on" voltage V x is applied to gate 
51 , the blocking voltage is relatively small and in some 
circumstances does not exist. In Figure 18a, the block- 
ing voltage V B extends from -V CL to +V CL whereas for 

^0 the other "off" voltage on gate 51 , the blocking region 
assumes its wider range extending from -V CH to + V CH . 
Thus, when the device is switched to the "on" state 
charge can tunnel onto the memory node 1 and be 
stored during the "off" state. During the "off" state, a bias 

^5 voltage may be applied to the gate 51 in order to en- 
hance V CH substantially, as described in K. Nakazato 
and H. Ahmed in Applied Physics Letters, 5 June 1 995, 
Vol. 66, No. 23, pp. 3170-3172. The field produced by 
the voltage V x applied to the word line 51 is applied to 

50 the tunnel barrier configuration 2, so as to squeeze non- 
conduction region as can be seen by comparing Figure 
18a with 18b. 

The modulation of the voltage blocking range for the 
tunnel barrier 2 by the gate 51 will now be explained in 

55 more detail with reference to Figures 1 9 and 20. Figure 
19 illustrates a section through the memory node 1, the 
tunnel barrier configuration 2 and the connection Y The 
gate 51 is omitted from Figure 19 but will be described 
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later. The tunnel barrier configuration consists of alter- 
nate layers 15, 16 of non-doped polysilicon of thickness 
3-1 Onm and silicon nitride of thickness 1 -3nm formed in 
the manner described previously with reference to Fig- 
ure 10. The memory node 1 consists of a n-type doped 
polysilicon layer with thickness 5-30nm and is overlaid 
by a non-doped polysilicon layer 52 of 30nm thickness. 
A corresponding non-doped layer 53 is disposed on the 
other side of the barrier configuration, beneath an n-type 
doped polysilicon layer 54 of 30nm thickness. 

As can be seen in the energy band diagram of Fig- 
ure 20, the seven insulating silicon nitride layers 1 5 give 
rise to corresponding relatively narrow and relatively 
high barrier components 18 in a similar manner to that 
described with reference to Figure 11, together with a 
relatively wide but low barrier component 17. The effect 
of applying a voltage to gate 51 is to raise and lower the 
barrier component 17 selectively together with the bar- 
rier components 18, which are dragged up and down 
accordingly. 

In the write process, the voltage V x applied to ter- 
minal X (Figure 1 7) is set to a write voltage V w (0V) and 
as a result the height of the wide barrier component 17, 
which is in effect an internal electrostatic potential in the 
barrier configuration, is at a relatively low value of the 
order of 0.2V in this example. Thus, electrons can tunnel 
through the narrow barrier components 18 and are not 
impeded by the low wide barrier component 1 7a, so that 
electrons tunnel from the terminal Y onto the memory 
node 1 . 

Stored charge on the node 1 can be retained by 
raising the voltage V x to a standby voltage V SB: in this 
example -5V. This raises the overall height of the rela- 
tively wide barrier component 1 7 to the level 1 7b, which 
in this example is of the order 3V. The resulting in- 
creased height of the barrier component 17 inhibits 
charge carrier tunnelling from the memory node 1 so 
that information can be retained on the node for long 
periods of time ~ 10 years. 

In order to read information, V x is set to a read volt- 
age V R which in this example is of the order of -4V. As 
will be explained hereinafter, this keeps the charge 
stored on memory node 1 but allows information to be 
read from the source/drain path of the device during a 
relatively short read cycle ~ 100ns. The barrier compo- 
nent 17 assumes the shape 17c shown in Figure 20. 

Seventh Embodiment 

A more detailed structure of an array of such devic- 
es will now be described with reference to Figure 21 
which shows a rectangular array of four cells in plan 
view, together with Figures 22 and 23 which illustrate 
sections through one of the cells, along the lines A-A' 
and B-B' of Figure 21 respectively. Referring to Figure 
22, the general structure of each memory cell is similar 
to that of the first type as shown in Figure 5 but with the 
addition of gate 51 , and the same parts are marked with 


the same reference numbers. Referring to Figure 22, a 
p-type substrate 3 includes a conductive path 4 between 
source and drain regions 5, 6. together with an insulating 
region 7 to isolate one cell from the next. The device 

5 includes a memory node 1 and an overlying barrier 
structure 2 formed as shown in Figure 1 9, with an over- 
lying non-doped polysilicon layer 53 and a bit line 
formed by the n-type doped polysilicon layer 54. The bit 
line 54 is covered by electrically insulating CVD Si0 2 55 

io and Si0 2 walls 56, as will be explained in more detail 
hereinafter. The side gate 51 for the cell consists of a 
100nm thick layer of n-doped polysilicon which extends 
transversely of the bit line and overlies side edges 57 of 
the barrier structure 2. 

? 5 Referring again to Figure 21 , it can be seen that the 
drains 6 for adjacent memory cells in a particular row 
make use of a common drain region 6, which reduces 
the memory cell size. 

Information can be written to a particular cell e.g. 

20 memory cell M ni shown in Figure 21 , by applying a wrile 
voltage V w to word line (51 ) and an appropriate volt- 
age to bit line Y 1 (54) depending on binary code "0" or 
"1". This causes charge to be written on the memory 
node 1 of memory cell M-,., corresponding to binary n 0 M 

25 or "1 ■ depending on the voltage of the bit line Y v The 
data is not written to the other memory cells in the col- 
umn because the other cells receive the standby voltage 
V SB on their word lines X 2 , etc. Thereafter, a standby 
voltage V SB is applied to the word line X 1 to retain the 

30 data on the node 1 of the cell M n . No voltage needs to 
be applied to the bit line. When it is desired to read the 
stored data from cell M-,-, , a read voltage V R , lower than 
the standby voltage V SB is applied to word line X v Pe- 
ripheral circuits (not shown) sense the source/drain con- 

35 ductance of the cell by sensing the current flow be- 
tween lines and G (lines 5, 6). Other memory cells in 
column are biassed off by the standby voltage V SB ap- 
plied to their word lines X 2 etc, and so these cells are 
not addressed by the reading of M n . 

40 Furthermore, another method of operating the cir- 
cuit can be used, similar to the usual method employed 
with a conventional DRAM, in which the stored informa- 
tion is transferred to peripheral circuits and is then re- 
placed by new information which is written to each mem- 

45 ory node. This method has the advantage of permitting 
a wide tolerance in the design value of the voltage block- 
ing region V B which thereby permits significant varia- 
tions in the values of V CL and V CH to occur from cell lo 
cell. Binary " 1 " is represented by a memory node volt- 

50 age V H and binary w O" is represented by a memory node 
voltage V L . The only requirement for the circuit is that 
V CH is larger than V H and that V CL is smaller than V L , 
that is V CH > V H > V L > V CL and it is not actually neces- 
sary to specify the values. This wide design tolerance 

55 makes it possible to integrate a large number of memory 
cells in a chip. 

The details of this method of operation will now be 
described with reference to Figures 24 to 26. Figure 24 
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illustrates schematically the circuit diagram ol the mem- 
ory cell array, corresponding to Figure 21 and addition- 
ally showing the peripheral circuits which are incorpo- 
rated on the same semiconductor substrate 3 as the 
memory cell array. Each memory cell M n1 - M mn corre- s 
sponds to a memory device of the second type, as pre- 
viously described, although the circuit is represented by 
an equivalent circuit consisting of two transistors Q R and 
Q w . The memory node 1 is represented by N. The con- 
figuration is shown for memory cell M 1t in Figure 24. 10 
The chip includes a column decoder and driver 58, a 
row decoder and driver 59, an on-chip voltage converter 
VC which produces a number of control voltages de- 
scribed in more detail hereinafter, from an external volt- 
age supply V cc , which in this example is a 5V supply. *5 
Each column of memory cell arrays has an associated 
precharge circuit 60 (PC) and a read/re-write circuit 61 
(RWC). PC 60 and RWC 61 are shown in detail for the 
column n = 1 of the memory cell array and the corre- 
sponding circuits for column n are shown in hatched out- 20 
line. 

A data input/output circuit 62 receives data from an 
external source and transmits data out from the memory 
array in a manner to be described in more detail here- 
inafter. 25 

The nomenclature of the various signals, lines and 
components used in Figures 24, 25 and 26 is summa- 
rised in the following table: 


TABLE 


Item 

Name 

M 11 - M mn 

memory cells 

m 

memory cell array row 

n 

memory cell array column 

s, ~s n 

sense lines 

Y, - Y B 

data input lines 


word lines 

♦y1 ~ V 

column selection signals 

I/O 

common data input/output 

PC 

precharge circuit 


precharge signal 

RWC 

read/write circuit 

4>rw 

read/write signal 

a xi 

row address signals 

a yi 

column address signals 

CE 

chip enable signal 

Din 

data input 

Dout 

data output 

WE 

write enable signal 


TABLE (continued) 


Item 

Name 

VC 

on-chip voltage converter 


read power supply voltage 

v w 

write power supply voltage 

V P 

precharge power supply voltage 

V SB voltage 

standby power supply 

V cc 

externally applied voltage 

IOC 

data input/output circuit 


A data reading operation will now be described with 
reference to Figure 25. When the chip enable signal CE 
is at the voltage of V cc , hereinafter denoted as "high", 
the chip is inactive. In this condition, precharge signal 
<|>p is "high", and S-, ... S n , Y T ... Y n , and I/O are pre- 
charged lo a voltage V P because the transistors of PC 
60 are in an "on" state. When CE is changed from "high" 
to zero voltage (hereinafter denoted as "low"), the chips 
become active. Then $ P becomes "low" to turn the tran- 
sistors of PC 60 "off". Then the voltages of lines ... 
S n , Y-, ... Y n , float, keeping the voltage valuo V P . A word 
line is selected by applying row address signals (a xj ) to 
the row driver 59. When a read voltage V R is applied on 
X v the information from a first row of memory cells 
M 11 ... M ln is read, and the output signals appear on the 
corresponding sense lines, S 1 ... S n . Considering, as an 
example, memory cell M 11( when the voltage on the 
memory node N is V P , the transistor Q R is in an "on" 
state, and the corresponding sense line, S-,, is dis- 
charged to 0V. Alternatively, when the voltage on the 
memory node is 0V, is kept to V P because the tran- 
sistor Q R is in an "off" state. After the voltage on S-, has 
settled to 0V or V P , the read/write signal ^ becomes 
"high", and the information of S-, is transferred to Y-, 
through RWC 61. That is : when S-, is 0V, Yj is kept to 
VP because Q D is in its "off" state. However, when S 1 
is VP, Y-, is discharged to 0V because both transistors 
Q D and Q T are in an "on" state. Then {j> Y1 becomes high 
selectively in response to applied column address sig- 
nals (a y |), so that Qyi is turned "on". Thus, the voltage 
change of Y-, is transferred to data output D out through 
input/output line I/O and the IOC 62. After Y-, has settled 
lo 0V or Vp, the voltage on word line X A is changed lo 
wrile vollage V W: so thai the transistor Qyy is lumed "on" 
and the voltage of Y-| is restored to the memory node N. 
In this way, even if there are any disturbances to the 
memory node voltage during the read operation, the in- 
formation is refreshed to 0V or Vp. Tho read and ro-writo 
operations are also performed on the other cells in the 
same row, M 12 M 1n , but the read-out information is 
not transferred to I/O line, as in the case of cell M n . 
When the read and re-write operations finish, CE be- 
comes high, X-, is set to standby voltage V SB and then 
<J>p becomes high. 


30 


35 


40 


45 
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Next, the write operation is explained. As an exam- 
ple, the write operation for the memory cell M-,., is shown 
in Figure 26. By the same operation as described in the 
read operation, the stored information on M n is trans- 
ferred to St and Y v Then a voltage corresponding to 
input data D jn is applied on the I/O, and the read infor- 
mation on Y A is replaced by this voltage. This is then 
stored on the memory node N by applying the write volt- 
age V w on the word line X v The other cells in the same 
row, M 12 ... M 1n , can be refreshed during the same op- 
eration. It will be understood that this process is repeat- 
ed sequentially, row by row in order to write data to all 
the cells of the memory array 

An example of method of fabricating a memory cell 
according to the embodiment of shown in Figures 21 to 
23 will now be described with reference to Figure 27. 

Referring to Figure 27a, the 10i2cm p-type silicon 
substrate wafer 3 is thermally oxidised to form the 5nm 
thickness Si0 2 layer 21. Then a 10nm thick n-type 
doped silicon film 1 , which forms the memory node, is 
deposited on the layer 21. This is overlaid by a 30nm 
thick non-doped silicon film 52. The surface of the film 
52 is converted to a 1nm thickness silicon nitride layer 
in NH 3 ambient at a temperature of 700°C in order to 
form the first of the layers 15, shown in Figure 19. The 
thickness of the silicon nitride layer can be controlled by 
controlling the growth temperature, from 2.5nm at 
1000°C to 1nm at 700°C. Then a non-doped silicon lay- 
er 16 is deposited and nitrided to form another 1nm 
thickness silicon nitride layer 15. This process is repeat- 
ed six times sequentially forming the multiple tunnel 
junction 2, comprising seven sets of overlaid layers 15, 
16 shown in more detail in Figure 19. Then, a 30nm 
thickness non-doped silicon film 53 is deposited, which 
in turn is overlaid by a 20nm Si 3 N 4 film 63 that is depos- 
ited for masking purposes, and is patterned by lithogra- 
phy and dry etching in an atmosphere of CHF 3 and ar- 
gon gas. 

The silicon and silicon nitride layers 53, 15, 16, 52 
and 1 are then etched out by using a dry etching method 
well known per se. 

Referring to Figure 27b, the surface of the wafer is 
oxidised to form a 30nm thickness Si0 2 64, with side 
edges 64a on the vertical sides of the barrier configura- 
tion 2 using the Si 3 N 4 film 63 as a mask. Arsenic ions 
are implanted to form the source and drain regions 5, 6. 

Then, as shown in Figure 27c, the Si 3 N 4 film 63 is 
removed and the 30nm thickness n-lype doped silicon 
film 54 is deposited, followed by a 50nm thickness Si0 2 
film 55, by a conventional CVD process. Then, the layer 
55 is patterned by conventional lithography and dry 
etching methods. The width of the bit line, i.e. the width 
of lino Y t (54) shown in Figure 21, is selected to be 
60nm, which provides good controllability of the internal 
electrostatic potential of the device. The thickness of the 
various layers in the bit line Y n can be selected in de- 
pendence upon the size of the memory cell array. The 
layers should be made thicker for wider bit lines. Using 


resist and the Si0 2 film 55 as a mask, the layers 54 and 
55 are selectively etched in an atmosphere of Cl 2 gas 
until the first silicon nitride layer of the tunnel barrier con- 
figuration 2 is exposed. 
5 Referring to Figure 27d, a 30nm thickness CVD 

Si0 2 layer is deposited and dry etched in an atmosphere 
of CHF 3 and argon gas in order to provide side walls 56. 

Referring to Figure 27e, the polycrystalline silicon 
layer 51 is thereafter deposited and patterned by con- 
10 ventional lithography and dry etching methods, in order 
to define the word line. 

The n-type and p-type MOS transistors that are 
used in the peripheral circuits 60, 61 etc shown in Figure 
24 can be fabricated in the same substrate 3 by conven- 
es tional methods. The source and drain regions for the n- 
type MOS transistors can be formed at the same time 
as the. fabrication of the source and drains 5, 6 of the 
memory cells M mn , as described with reference to Fig- 
ure 27b. 

20 in this embodiment , it is necessary to apply a stand- 
by voltage Vsb of -5V on the word lines in order to main- 
tain the stored information on the individual memory 
nodes 1. This can be achieved when the device is 
switched off, by using an external battery or capacitor. 

2S Bccauso no significant current is drawn, except a ncg- 
libly small leakage current, effectively non-volatile char- 
acteristics can be obtained. In a modification described 
later, the use of an external battery or capacitor is avoid- 
ed by shifting all of the voltages upwardly by + 5V. In 

30 this case, the standby voltage becomes 0V and thus an 
external battery is not needed. 

Eighth Embodiment 

35 One method to shift the standby voltage is shown 
in Figure 28, where p-type doped region 65 is formed 
under the contact regions of word lines. The configura- 
tion can be considered as a modification of that shown 
in Figure 22. The p-type doped region 65 is formed by 
40 jon implantation of boron ions using Si0 2 55-56 as a 
mask after the process step shown in Figure 27(d). The 
voltage on word line is shifted by around 1 V at room tem- 
perature. In this structure there is another advantage 
that the internal electrostatic potential, hence conduc- 
es tion energy band edge, can be controlled more effec- 
tively. Due to the effects of lateral spreading of implanted 
boron ions and the resulting built-in potential of the 
formed implant p-i junction, the effective bit line width 
can be much smaller than the real bit line width, so that 
50 even 1jim bit line width is enough to realise the present 
memory device, instead of 0.06 ujti bit line width in the 
seventh embodiment. In this structure, V SB = -4V, V R = 
-3V, and V w = 1 V. 


Furthermore, a thin p-type doped layer 66 can be 
formed inside the barrier structure as shown in Figure 


55 Ninth Embodiment 
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29, resulting in even a larger built-in potential. The con- 
figuration of Figure 29 can be considered as a modifi- 
cation of that shown in Figure 28. Such p-type layer 66 
can be formed easily be depositing p-type silicon film or 
implanting boron ions at the intermediate stage forming 
barrier structure because it is formed by repeated dep- 
osition method. To reduce diffusion of boron, the p-type 
doped layer 66 is sandwiched by thin tunnel barriers 1 5 
in Figure 1 9. In this case the word line voltage directly 
controls the internal electrostatic potential, hence con- 
duction energy band edge. This reduces the voltage dif- 
ference on the word line between stand-by and write cy- 
cles. In this structure, V SB = -2V, V R = -1 V, and V w = 1 V. 

Tenth Embodiment 

In this embodiment, a thicker tunnel barrier, of the 
order of 5nm is used, as shown in Figure 30. The con- 
figuration of Figure 30 can be considered as a modifi- 
cation of that shown in Figure 1 9 and Ihe barrier struc- 
ture can be incorporated into the device described with 
reference to Figures 21 to 23. The memory node 1 in 
Figure 30 is overlaid by the non-doped polysilicon layer 
52 of 30nm thickness, which itself is overlaid by a single 
barrier layer 67 of 5nm thickness, formed of Si 3 N 4 ma- 
terial. The Si 3 N 4 film can be formed by plasma nitrida- 
tion at a temperature of 550° C and at a power level of 
300-500W. This is overlaid by a non-doped Si layer 53 
of 30nm thickness and a n-type doped Si layer 54 of 
30nm thickness, described previously with reference to 
Figure 19. The resulting conduction energy band dia- 
gram for the barrier structure is shown in Figure 31 and 
consists of a relatively wide barrier component 17 of rel- 
atively low barrier height together with a relatively nar- 
row barrier component 18, produced by the layer 67, of 
relatively high barrier height. In this example, the barrier 
height is of the order of 2 volts, produced by the 5nm 
thick layer of insulating Si 3 N 4 . During a write operation, 
the write voltage is applied to the side gate 51 (not 
shown) in Figure 30. In this example, the write voltage 
V w = 5V lowers the barrier configuration in a transient 
state such that the relatively wide barrier component as- 
sumes the configuration 17a shown in Figure 31. For 
reading data, the voltage V R = 1 V is applied to the gate 
51 so that the barrier assumes configuration 17b. In this 
arrangement, data can be read from the memory device. 
To store information, a standby voltage V SB = OV is used 
such that the configuration 1 7c positively blocks leakage 
of charge from the memory node 1 with OV applied to 
the word line X. 

Type 3 

Eleventh Embodiment 

Another type of memory device in accordance with 
the invention is shown schematically in Figure 32. The 
device is generally similar to the embodiment described 


with reference to Figures 4 and 5 and like parts are 
marked with the same reference numbers. In the em- 
bodiment of Figure 32, the barrier structure consists of 
an array of lateral dots 68. The dots can be fabricated 

5 by a number of different ways such as an ionised beam 
deposition method as described in W. Chen, H. Ahmed 
and K. Nakazato, Applied Physics Letters, 12 June 
1995, Vol. 66, No. 24, pp. 3383-3384 or by single atom 
lithography as described by H. Ahmed, Third Interna- 

10 tional Symposium on New Phenomena in Mesoscopic 
Structures, December 1995. Furthermore, the lateral 
dots 68 could be replaced by grains in a polycrystalline 
silicon film for example as described by Yano et al supra, 
by nano-crystals as described by the method in the 

15 present third, fourth and fifth embodiments, and by col- 
loidal particles as described by the method in the 
present sixth embodiment. 

Many variations and modifications fall within the 
scope of the present invention. For example, the various 

20 regions of n-lype and p-lype material could be ex- 
changed with one another to produce devices with com- 
plementary conduction characteristics to those de- 
scribed hereinbefore. Also, the thickness of the different 
layers that make up the described examples of layered 

25 tunnol barrier junctions may be altered from the specific 
examples given hereinbefore. Also, different insulating 
materials could be used. For example silicon oxide 
could be used instead of silicon nitride as a tunnel bar- 
rier. Furthermore, other semiconductor fabrication sys- 

30 terns could be used, with a different basic substrate, 
such as silicon on insulator, SiGe, Ge, GaAs and others 
well known to those in the art. Also, the various different 
embodiments of barrier structure and the modifications 
thereof described for use in the first type of memory de- 

35 vice according to the invention, can be used in embod- 
iments of the second type with a side gate 51 , and em- 
bodiments according to the second type can be modified 
for use without the side gate, or with a fixed voltage ap- 
plied to the side gate, so as to operate according to the 

40 principles of the first type. 

Claims 

45 1. a memory device comprising a path (4) for charge 
carriers, a node (1 , 30, 36, 44) for storing charge to 
produce a field which alters the conductivity of the 
path, and a lunnel barrier configuration (2) through 
which charge carriers tunnel in response to a given 

50 voltage so as to become stored on the node, the 
tunnel barrier configuration exhibiting an energy 
band profile that comprises a dimensionally rela- 
tively wide barrier component (17) with a relatively 
low barrier height, and at least one dimensionally 

55 relatively narrow barrier component (1 8) with a rel- 

atively high barrier height. 

2. A memory device according to claim 1 wherein the 
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component (18) of the energy band profile of rela- 
tively high barrier height is provided by an element 
of a width of 3nm or less. 

A memory device according to claim 1 or 2 wherein 
the energy band profile of the tunnel barrier config- 
uration includes a plurality of said relatively high 
barrier height components (18). 

A memory device according to any preceding claim 
wherein the barrier configuration comprises a mul- 
tiple tunnel junction configuration (15, 16). 


10 


15. A memory device according to claim 13 or 14 
wherein the islands give rise to relatively narrow, 
low barrier components of said energy band profile 
between said relatively high components. 

16. A memory device according to claim 12, 13, 14 or 
15 wherein the islands are arranged in layers (30, 
46, 47) separated by eiectricaiiy insulating material 
(29, 30). 

17. A memory device according to claim 16, wherein 
the spacing of the layers is less than 3 nm. 


5. A memory device according to claim 3 or 4 wherein 
the configuration (15, 16) includes alternate layers 
of relatively electrically conductive and insulating 
material wherein the layers collectively provide said 
relatively low barrier height component of the ener- 
gy band profile, and the individual insulating layers 
provide the relalively high barrier components. 

6. A memory device according to claim 5 wherein the 
alternate layers (15, 16) comprise polysilicon and 
silicon nitride respectively. 

7. A memory device according to claim 5 or 6 wherein 
the electrically conductive layers each are of a thick- 
ness of less than 10 nm and the insulating layers 
are of a thickness of the order of 2nm. 

8. A memory device according to claim 1 . 2 or 3 where- 
in the barrier configuration comprises a Schottky 
barrier configuration (16, 28). 

9. A memory device according to claim 8 wherein the 
configuration includes alternate layers (16, 18) of 
electrically conductive material and semiconductor 
material. 

1 0. A memory device according to any preceding claim 
wherein the charge storage node comprises a layer 
(1) of electrically conductive material between the 
barrier configuration and said path. 


18. A memory device according to claim 1 7 wherein the 
is islands have a diameter of the order of 3nm and the 

spacing of the layers is of the order of 2nm. 

1 9. A memory device according to any one of claims 1 2 
to 1 8 wherein the islands comprise nano-crystals of 

20 semiconductor material. 

20. A memory device according to any one of claims 1 2 
to 18 wherein the islands are formed of a metal. 

2S 21. A memory device according to claim 20 wherein the 
metallic islands have been formed by sputtering 
and are distributed in an insulating metallic oxide. 

22. A memory device according to any one of claims 1 2 
30 to 20 wherein the islands comprise particles depos- 
ited from a liquid suspension. 

23. A memory device according to any preceding claim 
wherein the tunnel barrier configuration exhibits a 

35 blocking voltage range (V B ) in which charge carrier 
tunnelling to the node is blocked, and including con- 
trol means (9, 51 , 59 - 61 ) operative to increase and 
decrease the blocking voltage range to control the 
amount of charge stored in the node. 

40 

24. A memory device according to claim 23 wherein the 
charge storage node (1) is configured to store 
charge in a plurality of discrete states. 


11. A memory device according to claim 10 wherein the 45 
layer (1 ) comprises doped semiconductor material. 

12. A memory device according to any preceding claim 
wherein the charge storage node comprises a plu- 
rality of conductive islands (30, 36, 44, 68). 50 

1 3. A memory device according to claim 1 2 wherein the 
islands (30, 36, 44) arc distributed in the barrier con- 
figuration. 

55 

1 4. A memory device according to claim 1 3 wherein the 
islands have a diameter of 5 nm or less. 


25. A memory device according to claim 24 wherein the 
control means (9) is operative to raise and lower the 
blocking voltage range so as to permit only a select- 
ed one of the stales to exist at the node. 

26. A memory device according to claim 23 or 24 
wherein the control means (51 ) is operative to vary 
the width of the voltage blocking range. 

27. A memory device according to any one of claims 23 
to 26 wherein the control means (59-61 ) is operative 
to lower the height of the relatively wide barrier com- 
ponent (17) so that charge tunnels through the or 
each said relatively narrow barrier component (18) 
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to become stored in the node, and the control 
means is operative to raise height of the relatively 
wide barrier component (17) so that charge stored 
in the node is inhibited from tunnelling through the 
barrier configuration (2). 

28. A memory device according to claim 27 wherein the 
control means (59-61 ) is operative to apply to the 
barrier configuration (2) a write voltage (V w ) for 
causing charge tunnelling to the node, a read volt- 
a 9 e ( v r) greater than the write voltage (V w ) for per- 
mitting data to be read from the device selectively, 
and a standby voltage (v SB ) greater than the read 
voltage (V R ), for inhibiting charge tunnelling from 
the node. 

29. A memory device according to any preceding claim 
including a control electrode (9) from which charge 
carriers tunnel through the barrier configuration to 
the node in response to a given voltage applied 
thereto. 

30. A memory device according to a claim 1 or 2 includ- 
ing a single one of said relatively narrow barrier 
components (67) with a width wider than 3 nm. 

31. A memory device according to claim 30 wherein 
said single barrier component is formed by a layer 
of Si 3 N 4 (67) sandwiched between layers (52, 53) 
of undoped Si. 


eluding means (58, 59. 60, 61, 62) for selectively 
reading stored data from the cells individually and 
for refreshing the stored data. 

5 38. A memory device according to claim 37 including 
data writing means (58, 59, 60, 61 , 62) for selec- 
tively storing data in the cells individually. 

39. A memory device according to claim 35 , 37 or 38 

10 including sensing lines (S 1 ....S n ) for detecting cur- 
rent flowing in the paths of respective columns of 
the memory cells (M mn ), word lines (X v ...X m ), data 
lines (Y^.-.YJ for controlling the barrier configura- 
tions (2) of the memory cells of a respective column 

is thereof, a precharge circuit (60) for precharging the 
sensing lines, the sensing lines taking up a charge 
level dependent upon the stored charge at the 
charge storage node (N) of a particular one of the 
cells in a column thereof read in response to a read 

20 voltage (V R ) applied lo a corresponding word line, 
a read/write circuit (61 ) for transferring the voltage 
level of the sensing line to the corresponding word 
line for the column, data output means (Qyi, 62) re- 
sponsive to the voltage level on the data line for pro- 

2S viding a data output (D out ) corresponding to the 
stored data in the read cell, and data refreshing 
means (59) for applying a write voltage(V w ) to the 
word line of the read cell such that data correspond- 
ing to the voltage level on the data line is written 

30 back into the previously read cell. 


32. A memory device according to any preceding claim 
including a gate electrode (51 ) for applying an elec- 
tric field to the tunnel barrier configuration (2) to alter 
the barrier configuration thereof. 

33. A memory device according to any preceding claim 
wherein the amount of charge that can be stored on 
the charge storage node (1 ) is limited by the Cou- 
lomb blockade effect. 

34. A memory device according to any preceding claim 
including source and drain regions (5, 6) coupled to 
the path. 

35. A plurality of memory devices according to any pre- 
ceding claim formed as an array of memory cells 
(M mn ) in rows (m) and columns (n) in a common 
substrate. 

36. A memory device according to claim 35 including 
source and drain lines (S, Y, 5, 6) coupled to the 
respective paths (4) of the columns of colls, and 
word lines extending along the rows of the cells for 
controlling the tunnelling of charge through the bar- 
rier configurations of the cells (M mn ). 

37. A memory device according to claim 35 or 36 in- 


40. A memory device according to claim 39 including 
means (Q Y1 , 62) for changing the level of voltage 
on the data line after operation of the read/write cir- 

55 cuit (61 ) in response to input data (D ln ) to be written 
into the cell, whereby the write voltage causes the 
input data to be written to the cell. 

41. A memory device according to any one of claims 35 
40 to 40 wherein the array includes peripheral circuits 

(59-61) formed on a common substrate with the 
memory cells (M mn ). 

42. A memory device according to claim 41 wherein the 
45 peripheral circuits (59-61) include transistors that 

include regions formed by the same process steps 
that are used to form corresponding regions (5, 6) 
in the cells of the array. 

50 43. A method of fabricating a memory device which in- 
cludes a path for charge carriers, a node for storing 
charge that alters the conductivity of the path, and 
a tunnel barrier configuration through which charge 
carriers tunnel in response to a given voltage so as 

55 to become stored on the node, the method including 
forming the tunnel barrier configuration such that it 
exhibits an energy band profile that comprises a di- 
mensionally relatively wide barrier component with 
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a relatively low barrier height, and at least one di- 
mensionally relatively narrow barrier component 
with a relatively high barrier height. 

44. A method according to claim 43 including forming 
the tunnel barrier configuration from regions of rel- 
atively conductive and insulating material. 

45. A method according to claim 44 including forming 
said regions as overlying layers. 

46. A method according to claim 45 including forming 
an insulating layer with a thickness of 3nm or less. 

47. A method according to claim 45 or 46 including 
forming a conductive layer with a thickness of 1 0nm 
or less. 

48. A method according to claim 45, 46 or 47 including 
providing a layer of silicon to form the conductive 
layer and treating the surface thereof to form the 
insulating layer 

49. A method according to claim 48 including nitriding 
the surface of tho silicon layer to form the insulating 
layer. 

50. A method according to any one of claims 43 to 49 
including forming the node as a layer of conductive 
material. 

51. A method according to any one of claims 43 to 49 
including forming the node as a of plurality of con- 
ductive islands. 

52. A method according to claim 51 including distribut- 
ing the islands in the barrier configuration. 

53. A method according to claim 51 or 52 including 
forming the islands of semiconductor material. 

54. A method according to claim 51 or 52 including 
forming the islands by sputtering. 

55. A method according to claim 51 or 52 including de- 
positing the islands from a liquid suspension. 

56. A method according to any one of claims 43 to 55 
including forming a gate electrode for applying an 
electric field to the tunnel barrier configuration to 
control the barrier configuration thereof. 

57. A method according to any one of claims 43 to 56 
including forming source and drain regions coupled 
to the path. 

58. A method according to any one of claims 43 to 56 
including forming a plurality of the memory devices 


in an array in a common substrate. 

59. A method according to claim 58 including forming 
peripheral circuits for reading and writing data to 

s and from the array in said common substrate. 

60. A memory device fabricated by a method as 
claimed in any one of claims 43 to 59. 

to 61. An array of memory devices formed on a common 
substrate by a method in accordance with any one 
of claims 43 to 59. 
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